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The tunneling splitting in biaxial ferrimagnetic particles at excited states
with an explicit calculation of the prefactor of exponent is obtained in terms
of periodic instantons which are responsible for tunneling at excited states
and is shown as a function of magnetic field applied along an arbitrary direc-
tion in the plane of hard and medium axes. Using complex time path-integral
we demonstrate the oscillation of tunnel splitting with respect to the mag-
nitude and the direction of the magnetic field due to the quantum phase
interference of two tunneling paths of opposite windings . The oscillation is
gradually smeared and in the end the tunnel splitting monotonously increases
with the magnitude of the magnetic field when the direction of the magnetic
field tends to the medium axis. The oscillation behavior is similar to the
recent experimental observation with Fe8 molecular clusters. A candidate of
possible experiments to observe the effect of quantum phase interference in
the ferrimagnetic particles is proposed.
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I. INTRODUCTION
The macroscopic quantum phenomenon in spin system at low temperature has attracted
considerable attention both theoretically and experimentally for more than a decade [1–4].
The magnetization vector in a single domain ferromagnetic(FM) grain and the Ne´el vec-
tor in a single domain antiferromagnetic(AFM) grain can tunnel from a metastable state
to a stable one, which is called the macroscopic quantum tunneling(MQT), or display a
coherent oscillation between two degenerate states, which results in the superposition of
macroscopically distinguishable (classically degenerate) states ( the understanding of which
is a long-standing problem in quantum mechanics) and is called macroscopic quantum coher-
ence(MQC). The geometrical phase (known as the Berry phase) interference plays a crucial
role in the MQC. The quenching of MQC can be interpreted by the quantum interference
between tunneling paths of opposite windings which possess a phase with obvious geometric
meaning [5–7]. The quenching of MQC for half-integer spin has been shown physically to
be related to Kramers′ degeneracy, however, the effect of geometric phase interference is far
richer than that. For example, when the external magnetic field is applied along the hard
anisotropy axis, a new quenching of MQC occurs and is not related to Kramers′ degeneracy
since the external magnetic field breaks the time reversal symmetry [8]. The Zeeman energy
of the biaxial spin particle associated with the external magnetic field produces an additional
geometric phase of tunnel paths which leads to the quantum interference, and the tunnel
splitting therefore oscillates with respect to the magnetic field. The oscillations of the level
splitting for the ferromagnetic particles have been verified by the experiment with molec-
ular clusters Fe8 which at low temperature behave like a ferromagnetic particle [9]. The
experimental observation of the oscillation of tunnel splitting has triggered off more detailed
investigations along this direction [10–12]. Since the tunneling rate in AFM particles is much
higher than that in FM particles of the same volume [13] the AFM particles are expected to
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be a better candidate for the observation of macroscopic quantum phenomena than the FM
particles. The quantum tunneling of the Ne´el vector in AFM particles has been well studied
in terms of the idealized sublattice-model [8,14] in which the external magnetic field does not
play a role since the net magnetic moment vanishes. The biaxial AFM particles with a small
noncompensation of sublattices or in other words biaxial ferrimagnetic particles have to be
considered in order to obtain the effect of the external magnetic field on the tunnel splitting.
The oscillation of tunnel splitting at ground state of the biaxial ferrimagnetic particles was
predicted recently with the magnetic field applied along the hard axis [15]. In the present
paper we investigate the effect of quantum phase interference at excited states for a biaxial
ferrimagnetic particle in the external magnetic field applied along an arbitrary direction in
the plane of hard and medium axis. Since the effect of geometric phase interference has
been observed in the experiment of Fe8 molecular clusters with the magnetic field along an
arbitrary direction, the present generalization to the ferrimagnetic particles is not only of
theoretical but also of practical interests. At ground state one only considers the paths of
imaginary time under barrier. The extension to excited states is highly nontrivial. Paths of
complex time have to be taken into account since a path at excited states also approaches
the region of potential well and therefore is of real time.
II. EFFECTIVE LAGRANGIAN OF A BIAXIAL FERRIMAGNETIC PARTICLE
IN A MAGNETIC FIELD
We consider a biaxial AFM particle of two collinear FM sublattices with a small non-
compensation. Assuming that the particle possesses a X easy axis and XOY easy plane ,
and the magnetic field h is applied along an arbitrary direction in the plane of the hard axis
(Z axis) and medium axis(Y axis), the Hamiltonian operator of the AFM particle has the
form
Hˆ =
∑
a=1,2
(
k⊥Sˆ
z2
a + kqSˆ
y2
a − γhzSˆza − γhySˆya
)
+ JSˆ1 · Sˆ2, (1)
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where k⊥, kq > 0 are the anisotropy constants, J is the exchange constant, γ is the gyro-
magnetic ratio, and the spin operators in two sublattices Sˆ1 and Sˆ2 obey the usual com-
mutation relation
[
Sˆia, Sˆ
j
b
]
= i~ǫijkδabSˆ
k
b (i, j, k = x, y, z; a, b = 1, 2). In order to obtain the
Lagrangian of the system, we begin with the matrix element of the evolution operator in
spin coherent-state representation by means of the spin coherent state path integrals
〈Nf |e−2iHˆT/~|N i〉 =
∫ [M−1∏
k=1
dµ (Nk)
][
M∏
k=1
〈Nk|e−iǫHˆ/~|Nk−1〉
]
. (2)
Here we define |N〉 = |n1〉|n2〉, |NM〉 = |Nf 〉 = |n1,f 〉|n2,f〉, |N0〉 = |Ni〉 = |n1,i〉|n2,i〉,
tf − ti = 2T and ǫ = 2T/M . The spin coherent state is defined as
|na〉 = eiθaOˆa |Sa, Sa〉, (a = 1, 2) (3)
where na = (sin θacosφa, sinθasinφa, cosθa) is the unit vector, Oˆa =sinφaSˆ
x
a−cosφaSˆya and
|Sa,Sa〉 is the reference spin eigenstate. The measure is defined by
dµ (Nk) =
∏
a=1,2
2Sa + 1
4π
sinθa,kdθa,kdφa,k, (4)
Evaluating the path integral on the right hand side of the Eq.(2) we obtain in the large S
limit [16]
〈Nf |e−2iHˆT/~|N i〉 =
∫ ∏
a=1,2
D[θa]D[φa] exp
[
i
~
∫ tf
ti
(L0 + L1) dt
]
(5)
with
L0 =
∑
a=1,2
Saφ˙a(cos θa − 1) − JS1S2 [sin θ1 sin θ2 cos (φ1 − φ2) + cos θ1 cos θ2] , (6)
L1 = −
∑
a=1,2
(
k⊥S
2
a cos
2 θa + kqS
2
a sin
2 θa sin
2 φa − γhzSa cos θa − γhySa sin θa sinφa
)
, (7)
where L0+L1 denotes the Lagrangian. Sin ce spins S1 and S2 in two sublattices are almost
antiparallel, we may replace θ2 and φ2 by θ2 = π − θ1 − ǫθand φ2 = π + φ1 + ǫφ , where ǫθ
and ǫ
φ
denote small fluctuations. Working out the fluctuation integrations over ǫ
θ
and ǫ
φ
the transition amplitude Eq.(5) reduces to
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〈Nf |e−2iHˆT/~|N i〉 =
∫
D[θ]D[φ] exp
(
i
~
∫ tf
ti
L¯dt
)
, (8)
L¯ = Ω
[
−M1 +M2
γ
φ˙+
M
γ
φ˙ cos θ +
χ⊥
2γ2
(
θ˙2 + φ˙2 sin2 θ
)]
− V (θ, φ) , (9)
where V (θ, φ) = ΩK⊥ (cos θ −Mhz/2K⊥)2 + ΩKq sin2 θ (sinφ−Mhy/2Kq sin θ)2 , and
(θ1, φ1) has been replaced by (θ, φ). Ma = γ~Sa/Ω (a = 1, 2), M = γ~ (S1 − S2) /Ω with Ω
being the volume of the AFM particle and χ⊥ = γ
2/J . K⊥ = 2k⊥S
2/Ω and Kq = 2kqS
2/Ω
(setting S1 = S2 = S except in the term containing S1 − S2) denote the transverse and the
longitudinal anisotropy constants, respectively.
We assume a very strong transverse anisotropy, i.e., K⊥ ≫ Kq . For this case, the Ne´el
vector is forced to lie on a cone of angle 2θ0. Where cos θ0 = Mhz/2K⊥ = δhz/hc (δ =
Kq/K⊥, hc = 2Kq/M ). Introducing the fluctuation variable η such that θ = θ0+ η
and considering K⊥ ≫ Kqwe have V (θ, φ) = ΩK⊥ sin2 θ0η2 + ΩKq sin2 θ0(sin φ − b)2 (b =
Mhy/2Kq sin θ0 = h sinα/δ
√
(hc/δ)2 − h2z (sin2 θ0 = 1 − (δhz/hc)2), where α is the angle
between the magnetic field and Z axis) and thus the Eq.(9) is written as
L¯ = Ω
[
1
2
(
M2
2K⊥γ2
+
χ⊥
γ2
)
φ˙2 − M1 +M2
γ
φ˙+
M
γ
φ˙ cos θ0 −Kq sin2 θ0(sinφ− b)2
]
+Ω

 χ⊥
2γ2
η˙2 −K⊥ sin2 θ0
(
η +
Mφ˙
2K⊥γ sin θ0
)2 . (10)
Carrying out the integral over η we obtain
〈Nf |e−2Hˆβ/~|N i〉 =
∫
D[φ] exp
(
−1
~
∫ τf
τi
Leffdτ
)
(11)
where
Leff =
I
2
(
dφ
dτ
)2
+ iΘ
dφ
dτ
+ V (φ) (12)
is the effective Euclidean Lagrangian. τ = it and β = iT . I = Ia + If where If =
ΩM2/(2γ2K⊥) and Ia = Ωχ⊥ sin
2 θ0/γ
2 are the effective FM and AFM moments of inertia
[17], respectively. V (φ) = ΩKq sin
2 θ0(sinφ− b)2 is the effective potential and Θ = ~(S0−d)
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(S0 = S1 + S2 and d = hz/h0 = h cosα/h0 with h0 = ~/γIf). The second term in the
Eq.(12) , i.e., iΘdφ
dτ
has no effect on the classical equation of motion, however, it leads to a
path dependent phase in Euclidean action. When hy=0, V (φ) = KqΩ sin
2 θ0 sin
2 φ possesses
the form of the sin-Gordon potential and the directions with θ = θ0, φ = 0 and π are
two equilibrium orientations of the Ne´el vector(Fig.1(b)) around which the small oscillation
frequency of the Ne´el vector is seen to be ω0 =
√
2KqΩ sin
2 θ0/I. The quantum tunneling
of the Ne´el vector through two paths of opposite windings results in the quantum phase
interference. When hy 6= 0, the potential V (φ) = ΩKq sin2 θ0(sinφ− b)2 has an asymmetric
twin-barrier (Fig.2(a)), and the net magnetic moment of the uncompensated sublattices in
the applied magnetic field shifts the equilibrium orientations of the Ne´el vector to φ = φ+
and π − φ+ (φ+ = arcsin b)(Fig.2(b)) around which the small oscillation frequency of the
Ne´el vector is modified as ω = ω0
√
1− b2. The quantum tunneling of the Ne´el vector through
two different barriers leads to the quantum phase interference.
III. QUANTUM PHASE INTERFERENCE AS HY=0
When the external magnetic field is applied along the hard axis(Z axis), the effective
potential is V (φ) = ΩKq sin
2 θ0 sin
2 φ . The quantum tunneling at finite energy E is dom-
inated by the periodic instantons [18]. From the Euclidean Lagrangian (12), the equation
of motion of the pseudoparticles moving in the classically forbidden region in the barrier is
seen to be
I
2
(
dφ
dτ
)2
− V (φ) = −E. (13)
The Ne´el vector may rotate by tunneling through potential barriers from one orientation(φ =
0) to another(φ = π) along clockwise path and anticlockwise path (Fig.1). The instantons
satisfying periodic boundary condition are found to be
φ±c = ±
π
2
± arcsin [k1sn(ω0τ)] (14)
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where ”-” denotes the clockwise path and ”+” denotes the anticlockwise path(see Fig.1),
sn(ω0τ) is the Jacobian elliptic function with modulus
k1 =
√
1− E
ΩKq sin
2 θ0
. (15)
The two trajectories of instantons φ±c are shown in Fig.1(a). The Euclidean actions evaluated
along the trajectories of periodic instantons are
S±e = We + 2Eβ + iθ
±
e , (16)
We =
∫ β
−β
[
I
2
(
dφ±c
dτ
)2
− V (φ±c )
]
dτ =
4ΩKq sin
2 θ0
ω0
[
E(k1)− k′21 K(k1)
]
, (17)
θ±e =
∫ β
−β
Θ
dφ±c
dτ
dτ = ±Θ(π − 2 arcsin k′1) (18)
where K(k1), E(k1) are the complete elliptic integrals of the first and the second kinds,
respectively. k
′2
1 = 1 − k21 = E/ΩKq sin2 θ0. To investigate the quantum tunneling and
related quantum phase interference at excited states, we begin with the instanton induced
transition amplitude
∑
m,n
〈Efn|PˆE|Eim〉 =
∫
dφfdφiψ
∗
E(φf)ψE(φi)G(φf , β;φi,−β). (19)
PˆE is the operator of projection onto the subspace of fixed energy [19]. |EfE〉 and |EiE〉 are
two excited states lying on different sides of the barrier. From Eq.(19) the tunnel splitting
is written as
∆E ∼exp
(
2Eβ
~
)
β
∣∣∣∣
∫
dφfdφiψ
∗
E(φf)ψE(φi)G(φf , β;φi,−β)
∣∣∣∣ , (20)
G =
∫
D[φ] exp
(
−1
~
∫ β
−β
Leffdτ
)
. (21)
When the quantum phase interference of tunneling through clockwise and anticlockwise
paths is taken into account, the Eq.(20) is written as
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∆E ∼exp
(
2Eβ
~
)
β
∣∣I+1 + I−1 ∣∣ , (22)
I±1 =
∫
dφ±f dφ
±
i ψ
∗
E(φ
±
f )ψE(φ
±
i )G(φ
±
f , β;φ
±
i ,−β) = exp
(
−iθ
±
e
~
)
I0, (23)
I0 =
∫
dφfdφiψ
∗
E(φf)ψE(φi)G¯(φf , β;φi,−β), (24)
G¯ =
∫
D[φ] exp
(
−1
~
∫ β
−β
L¯effdτ
)
, (25)
L¯eff =
I
2
(
dφ
dτ
)2
+ V (φ). (26)
I0 is independent of tunnel directions. The phase independent tunneling kernel G¯ is now
evaluated with the help of the periodic instantons. Following the procedure of the periodic
instanton-calculation in Refs.(20) and (21) a general formula for Eq.(24) is found to be
I0∼2β exp
(
−2Eβ
~
)[
~ω0
4K(k′1)
]
exp
(
−We
~
)
. (27)
To investigate the quantum phase interference at excited state, we have to consider additional
phases coming from the real-time paths in the potential well between 0 → φ1 and φ2 → π
(0→ −φ1 and −φ2 → −π). Thus tunnel splitting Eq.(22) is rewritten as
∆E =
exp
(
2Eβ
~
)
β
∣∣∣∣I+1 exp
(
iS+r
~
)
+ I−1 exp
(
iS−r
~
)∣∣∣∣
=
exp
(
2Eβ
~
)
β
I0
∣∣∣∣exp
[
i(S+r − θ+e )
~
]
+ exp
[
i(S−r − θ−e )
~
]∣∣∣∣ , (28)
where
S±r = θ
±
r +W
±
r , (29)
θ±r = −Θ
∫
[0,±φ1]∪[±φ2,±π]
dφ = ∓2Θ arcsin k′1, (30)
W±r = ±
√
I
2
∫
[0,±φ1]∪[±φ2,±π]
E − 2V (φ)√
E − V (φ)dφ. (31)
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It is obvious that W+r = W
−
r . Substituting Eqs.(27), (29) and (30) into the Eq.(28), we
obtain the tunnel splitting
∆E =
ω0~
K(k′1)
exp
(
−We
~
)
|cos(Λπ)| (32)
where Λ = S0 − d. The tunnel splitting ∆E is a function of the external magnetic field and
energy.
For low lying excited states(k
′
1 =
√
E/ΩKq sin
2 θ0 << 1) in which we are interested,
the energy E may be replaced by the harmonic oscillator approximated eigenvalues Em =
(m+ 1
2
)ω0~. Expanding the complete elliptic integrals K(k1) and E(k1) as power series of k′
and taking note of limit K(k′1 → 0)→π2 , we obtain the tunnel splitting of the mth excited
state,
∆Em=
(4B)m
m!
∆E0| cos(Λπ)|, (33)
where
∆E 0 =
2~ω0√
π
(8B)
1
2 exp(−B) (34)
with B = 4KqΩ sin
2 θ0/~ω0 which denotes the tunnel splitting of ground state. It may be
worth to estimate the range of validity of our results, i.e., how large m is. ΩKq sin
2 θ0 is
the barrier height of potential and ~ω0 is the level space between neighboring levels. For
the horse-spleen ferritin reported in [22,23] the residual spin is S ∼ 100 ( corresponding
moment M0 = 217µB) and volume is Ω ∼ 2× 10−19cm3 (diameter 7.5nm). The longitudinal
anisotropy constant and transverse susceptibility are seen to be Kq = 2 × 105erg/cm3 and
χ⊥ = 10
−5emu/G cm3 respectively. Using the above parameters we find that the number
of the levels in the potential well is about 10 as δ ∼ 0.03. Fig.3(a) shows the oscillation of
tunnel splittings of lowest 3 states with respect to the external magnetic field due to the
quantum phase interference of two tunneling paths of opposite windings for S0 =integer and
half-integer. From Fig.3(a) one can find that the magnitude of tunnel splittings at excited
states is much higher than that at ground state and may contribute significantly to the
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experimental observation at finite temperature. When d = S0− l− 12 , i.e., h = (S0− l− 12)h0
(l is an integer), the tunneling splitting ∆Em vanishes. The period of oscillation is
∆h =
~
γIf
(35)
which is independent of the energy.
IV. QUANTUM PHASE INTERFERENCE AS HY 6= 0
When the external magnetic field is applied along an arbitrary direction in the plane of
the hard axis and medium axis, the effective potential V (φ) = ΩKq sin
2 θ0(sin φ−b)2 has the
asymmetric twin barriers which lead to that Ne´el vector may rotate from one orientation(φ =
φ+) to another (φ = π−φ+) along clockwise underbarrier path and anticlockwise path(Fig.2).
Two different instantons (Fig.2) corresponding to tunneling through two types of barriers
are found as
φ±c = ±
π
2
± 2 arctan [λ±sn(qτ, k2)] (36)
where
k2 =
[
(1− ε)2 − b2
(1 + ε)2 − b2
] 1
2
, ε =
√
E
ΩKq sin
2 θ0
,
q =
ω0
2
[
(1 + ε)2 − b2] 12 , λ± =
[
(1− ε)2 − b2
(1± b)2 − ε2
] 1
2
.
Our starting point for investigation of the tunneling and related quantum phase interference
at excited states is still the transition amplitude of the barrier penetration projected onto the
subspace of fixed energy E, i.e., the Eq.(19) from which the tunneling splitting is obtained
as
∆E ∼exp
(
2Eβ
~
)
β
∣∣∣∣
∫
dφfdφiψ
∗
E(φf)ψE(φi)G(φf , β;φi,−β)
∣∣∣∣ , (37)
The result corresponding to the Eq.(22) is formally the same
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∆E ∼exp
(
2Eβ
~
)
β
∣∣I+2 + I+2 ∣∣ . (38)
In the present case , however, the two tunneling paths are not symmetric. Thus we find
I±2 = exp
(
−iδ
±
e
~
)
I¯±2 , (39)
δ±e = ±Θ [π ∓ 2 arcsin(b± ε)] , (40)
I¯±2 =
∫
dφ±f dφ
±
i ψ
∗
E(φ
±
f )ψE(φ
±
i )G¯
±(φ±f , β;φ
±
i ,−β), (41)
G¯± =
∫
D[φ] exp
(
−1
~
∫ β
−β
L¯±effdτ
)
, (42)
L¯eff =
I
2
(
dφ±c
dτ
)2
+ V (φ±c ). (43)
I¯±2 is now dependent on tunnel direction. The phase dependent tunneling kernel G¯
± is
evaluated with the help of the periodic instanton. Following the procedure above we obtain
I¯±2 ∼2β exp
(
−2Eβ
~
)[
~ω0
4σK(k′2)
]
exp
(
−W
±
e
~
)
, (44)
σ =
[
(1 + ε)2 − b2]− 12 , k′2 = √1− k2,
W±e =
4Iq
λ2±
[
λ2
±
E(k2) + (k
2
2 − λ2±)K(k2)− (λ4± − k22)Π(k2, λ2±)
]
, (45)
where Π(k2, λ
2
±
) is the complete elliptic integral of the third kind. Considering the additional
phase contribution from the real-time paths in potential well the tunnel splitting Eq. (38)
is written as
∆E =
exp
(
2Eβ
~
)
β
∣∣∣∣I+2 exp
(
iS+r
~
)
+ I−2 exp
(
iS−r
~
)∣∣∣∣ , (46)
where
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S±r = δ
±
r + Φ
±
r , (47)
δ±r = −2Θ [arcsin(b± ε)− arcsin b] , (48)
Φ±r = 2Iω0
[
E(ϕ±, k
′
2)
σ
+ σ(1∓ b)2F (ϕ±, k′2)∓ 2bσ(1∓ b− ε)Π(ϕ±, α±, k
′
2)− ε
√
1± b
1∓ b
]
,
(49)
ϕ± = arcsin
√
1∓ b+ ε
2(1∓ b) , α
± =
√
2ε
1∓ b+ ε.
Inserting Eqs.(39), (44) and (47) into Eq.(46), we obtain the final formula of the tunnel
splitting
∆E =
~ω0
2σK(k′2){
exp
(
−2W
+
e
~
)
+ exp
(
−2W
−
e
~
)
+ 2 exp
(
−W
+
e +W
−
e
~
)
cos[2Λπ − (Φ+r − Φ−r )]
} 1
2
(50)
which is a function of the external magnetic field and the energy. For low lying excited states,
ε << 1 , k
′
2 << 1, the energy E is again replaced by harmonic oscillator approximated
eigenvalues Em = (m +
1
2
)~ω. Expanding the complete elliptic integrals E(k2), K(k2) and
Π(k2, λ
2
±
) in the Eq.(45) as power series of k
′
2 we obtain
W±e =
4ΩKq sin
2 θ0
ω0
[√
1− b2 − 1
16
(
1− b2) 32 k′42
(
ln
4
k
′
2
+
1
4
)
+ b arcsin b∓ π
2
]
. (51)
Substituting the Eq.(51) into the Eq.(50) and taking note of limits K(k′2 → 0)→π2 ,
σ
(
k
′
2 → 0
) → (1 − b2) 12 and Φ+r ≈ Φ−r at low lying excited states we obtain the tunnel
splitting of the mth excited state as
∆Em =
E2
m!
[
4B
(
1− b2) 32]m [cosh(bBπ) + cos(2Λπ)]12 , (52)
E2 =
2~ω0√
π
[
4B
(
1− b2) 52] 12 exp [−B (√1− b2 + b arcsin b)] . (53)
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Fig.3 shows the oscillation of tunnel splitting at low lying excited states with respect to the
external magnetic field for S0 =integer and half-integer respectively. When Λ = (2l+1)/2 (l
is an integer), tunnel splitting ∆Em tends to a minimum value. The period of oscillation is
∆h =
h0
cosα
(54)
which is independent of the level, but dependent on the direction of the external magnetic
field. When α = 0 and m = 0, the tunnel splitting ∆Em reduces to the result in Ref.[15].
The period increases with the angle α. When the direction of the magnetic field is along
the medium axis (α = π
2
), the period approaches to infinity, in other words, the oscillation
disappears.
V. CONCLUSION
The effect of the macroscopic quantum phase interference at excited states is studied
for the biaxial ferrimagnetic particles with the external magnetic field applied along an
arbitrary direction in the plane of hard and medium axis. We present a general formula of
tunnel splitting at excited states as a function of the magnetic field and the energy. The
oscillation behavior of tunneling splitting at low lying excited states is similar to that in
FM particles observed experimentally in molecular clusters Fe8 and should be observed in
further experiment with ferrimagnetic particles for which a possible candidate of materials
may be horse-spleen ferritin [22,23].
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Figure caption
Fig.1 (a) The periodic potential and the instanton trajectories. The arrow lines denote
two tunnel paths of opposite windings. (b) The equilibrium orientations of Ne´el vector in
the absence of Y-component of the magnetic field.
Fig.2 (a) The potential with asymmetric twin-barrier and instanton trajectories. (b) The
equilibrium orientations of Ne´el vector in the presence of Y-component of the magnetic field.
Fig.3 The level splitting as function of the external magnetic field with angular (a)
α = 0◦, (b) α = 3◦,(c)α = 5◦ for S0 =integer(solid line) and S0 =half-integer(dot line). Here
S = 100,Ω = 10−19cm3, χ⊥ = 10
−5 , Kq = 10
5erg/cm3 and δ ∼ 0.03.
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